The vacuole has crucial roles in stress resistance and adaptation of the fungal cell. Furthermore, in Candida albicans it has been observed to undergo dramatic expansion during the initiation of hyphal growth, to produce highly "vacuolated" subapical compartments. We hypothesized that these functions may be crucial for survival within the host and tissue-invasive hyphal growth. We also considered the role of the late endosome or prevacuole compartment (PVC), a distinct organelle involved in vacuolar and endocytic trafficking. We identified two Rab GTPases, encoded by VPS21 and YPT72, required for trafficking through the PVC and vacuole biogenesis, respectively. Deletion of VPS21 or YPT72 led to mild sensitivities to some cellular stresses. However, deletion of both genes resulted in a synthetic phenotype with severe sensitivity to cellular stress and impaired growth. Both the vps21⌬ and ypt72⌬ mutants had defects in filamentous growth, while the double mutant was completely deficient in polarized growth. The defects in hyphal growth were not suppressed by an "active" RIM101 allele or loss of the hyphal repressor encoded by TUP1. In addition, both single mutants had significant attenuation in a mouse model of hematogenously disseminated candidiasis, while the double mutant was rapidly cleared. Histological examination confirmed that the vps21⌬ and ypt72⌬ mutants are deficient in hyphal growth in vivo. We suggest that the PVC and vacuole are required on two levels during C. albicans infection: (i) stress resistance functions required for survival within tissue and (ii) a role in filamentous growth which may aid host tissue invasion.
Candida albicans is a commensal organism that resides upon mucosal surfaces of many healthy individuals, including the oral cavity and gastrointestinal and vaginal tracts. Under conditions where host immunity is compromised, C. albicans can invade the underlying tissues to initiate infection. There are two main categories of candidiasis, infections of mucosal membranes and serious systemic disease involving dissemination and invasion of deeper organs. Mucosal infections include oropharyngeal candidiasis and esophageal candidiasis, which are signature markers of human immunodeficiency virus infection (19) , as well as vaginitis (61) . Systemic candidiasis is often fatal, with mortality rates of greater than 30% (23, 65, 68) .
The ability of C. albicans to cause disease is intimately associated with its capacity to switch among yeast, pseudohyphal, and true hyphal forms (42, 57) . It has been proposed that yeast cells are suited for dissemination between host tissues or through the bloodstream, while the polarized hyphal form facilitates tissue penetration and damage (57) . Transition to the hyphal mode of growth involves the induction of a hyphaspecific gene transcription program, the establishment of a polarized cytoskeleton, and localized secretion to the extending hyphal apex. This necessitates the transport of secretory vesicles to the hyphal apex, followed by exocytosis to facilitate localized cell expansion. However, recent findings with several filamentous fungi have established that there is a countermovement of membrane material through trafficking from the hyphal apex to the distal regions of the cell and that this is also required to maintain polarized hyphal growth (59, 62) . Furthermore, in C. albicans, germ tube emergence is accompanied by a dramatic increase in vacuolar volume in the subapical regions (3, 29, 30) . As the germ tube extends, "empty"-looking subapical compartments can be observed that are composed almost entirely of vacuole, as the protoplasm migrates in the hyphal tip compartment. At present, the mechanism underlying hyphal cell vacuolation, its regulation, and its significance with respect to virulence remain obscure. Furthermore, the importance of other vacuolar functions during infection is unknown. However, a similar phenomenon has been observed in the plant pathogen Ustilago maydis (41, 63) . Formation of invasive dikaryotic hyphae occurs on the host leaf surface and, as in C. albicans, involves migration of the cytoplasm with the apical cell compartment and the formation of "empty" subapical cells. The similarity of these events in C. albicans and U. maydis suggests that hyphal cell vacuolation may be an important part of a "host invasion strategy."
The fungal vacuole is a highly dynamic organelle, with established functions in stress resistance and cellular homeostasis (33) . At least four pathways deliver material to the vacuole through vesicle-mediated transport (16) . This includes transport from the cell surface via endocytosis, the Golgi apparatus via CPY (carboxypeptidase Y) and alkaline phosphatase trafficking pathways, and the cytoplasmic degradation pathway known as autophagy (13) . Material delivered to the vacuole through endocytosis and the CPY pathway first transits through an intermediate late endosomal compartment known as the prevacuolar compartment (PVC). The dramatic increase in vacuolar volume that occurs during C. albicans germ tube emergence necessitates the incorporation of new membrane into the vacuole. However, the trafficking events which facilitate hyphal cell vacuolation remain to be established.
Rab GTPases are a conserved family of small GTPases that are key regulators of membrane trafficking and organelle biogenesis in eukaryotes (18) . Eukaryotes encode multiple members of the Rab GTPase family, each localizing to a distinct cell compartment and functioning at a specific transport step (54) . We have identified two Rab GTPases which function in C. albicans PVC and vacuolar biogenesis. Functional analysis has demonstrated that these Rab GTPases are required for C. albicans filamentous growth and virulence.
MATERIALS AND METHODS
Growth conditions. Strains were routinely grown at 30°C on YPD (1% yeast extract, 2% Bacto peptone, 2% dextrose) supplemented with uridine (50 g ml Ϫ1 ) when necessary (31) . For growth curves, overnight cultures were subcultured to 20 ml fresh YPD medium to an optical density at 600 nm (OD 600 ) of 0.2 and incubated at 30°C with shaking. The OD 600 was determined from samples taken hourly. Transformants were selected on minimal medium (YNB; 6.75 g liter Ϫ1 yeast nitrogen base plus ammonium sulfate and without amino acids, 2% dextrose, 2% Bacto agar) supplemented with the appropriate auxotrophic requirements, as described for Saccharomyces cerevisiae (14) , except for uridine, which was added at 50 g ml Ϫ1 . Stress phenotypes. For agar plate growth assays, C. albicans was grown overnight in YPD at 30°C, cells were washed in sterile distilled water, the cell density was adjusted to 10 7 /ml, and serial 1:5 dilutions were performed in a 96-well plate. Cells were then applied to agar with a sterile multipronged applicator. Resistance to temperature stress was determined on YPD agar at 37 and 42°C, and resistance to osmotic stress was determined on YPD agar plus 2.5 M glycerol or 1.5 M NaCl. Other stresses included YPD plus 5 mM caffeine, 10 nM rapamycin, or 5 mM sodium orthovanadate. Carbon source utilization was tested with 3% ethanol, glycerol, or potassium acetate instead of glucose. Secreted protease activity was examined on bovine serum albumin (BSA) plus YE agar at 37°C (17) . Resistance to nitrogen starvation was determined as follows. Each strain was grown in YNB broth for 48 h at 30°C and washed twice in SD-N (0.17% yeast nitrogen base without ammonium sulfate or amino acids, 2% glucose), and 10 7 cells were resuspended in 2 ml SD-N (46). Viability was determined at time intervals as the number of CFU on YPD agar. Sensitivity to H 2 O 2 was determined by measuring growth in YPD medium supplemented with 0 to 12 mM H 2 O 2 .
Morphogenesis assays. Filamentous growth on M199 (pH 7.5) and 10% fetal bovine serum (FBS) agar was performed as previously described (51) . Cells from overnight cultures were washed twice in distilled water and induced to filament in 10% or 1% FBS (in distilled H 2 O) at 37°C after inoculation at 10 6 cells ml Ϫ1 . Samples were examined microscopically at intervals and scored for the presence of germ tubes. Statistical significance was determined with the unpaired Student t test. Filamentous growth was also stimulated by embedding C. albicans cells within a YPS agar matrix or sandwiching cells between two layers of YPS agar (11) . Chlamydospores were induced on cornstarch-Tween agar (49) .
Fluorescence microscopy and localization. Vacuole and endosome morphology was visualized with the lipophilic fluorescent dye FM4-64 (64) . Cells grown overnight were subcultured 1:100 in fresh YPD and grown for 4 h at 30°C with shaking. Approximately 2 ϫ 10 7 cells were pelleted, resuspended in 50 l of YPD plus 1 l of a 100 M stock of FM4-64 (in dimethyl sulfoxide), and labeled for 20 min. Cells were then "chased" in 1 ml fresh YPD for a further 20 to 120 min. Cells were then harvested, washed twice in distilled water, applied to a poly-Llysine-coated slide, and observed with an epifluorescence microscope with a tetramethyl rhodamine isocyanate (TRITC) filter set. For colocalization of green fluorescent protein (GFP) fusion proteins, a fluorescein isothiocyanate filter set was also used.
Sequence analysis. Protein sequences were aligned by using the EMBOSS pairwise align algorithm (http://www.ebi.ac.uk/emboss/).
Strain construction. The strains used in this study are described in Table 1 . Gene deletion strains were constructed by the PCR-based approach described by Wilson et al. with ura3 Ϫ his1 Ϫ arg4 Ϫ mutant strain BWP17 (70), kindly provided by A. Mitchell (Carnegie Mellon University). C. albicans was transformed by the lithium acetate procedure (26) . VPS21 and YPT72 deletion cassettes were amplified by PCR with pARG⌬Spe, pGEMHIS1, or pDDB57 (which has a recyclable URA3-dpl200 marker) (69, 70) as the template with primers VPS21DISF and VPS21DISR or YPT72DISF and YPT72DISR (Table 2) , respectively. Sequential deletion of each allele was achieved for either gene by using ARG4 and HIS1 to generate ura3 Ϫ vps21⌬/⌬ and ypt72⌬/⌬ gene deletion strains. A vps21⌬/⌬ ypt72⌬/⌬ double mutant was made by the use of the recyclable URA3 deletion cassette. The regeneration of ura3 Ϫ recombinants was selected on YNB medium supplemented with uridine and 1 g/ml 5-fluoroorotic acid (8) . Correct integration of either cassette was confirmed at each step by diagnostic PCR with primer ARG4DET2 and either primer VPS21AMPR or YPT72AMPR2 (ARG4 integration), primer HIS1F1268 and either primer VPS21AMPF or YPT72AMPF3 (HIS1 integration), or primer URA3-5 and either primer VPS21AMPF or YPT72AMPF3 (URA3 integration) ( (20) were provided by F. Mühlschlegel (University of Kent, United Kingdom). Plasmids pLUXVPS21 and pLUXYPT72 were made as follows. Either ORF was amplified with 5Ј and 3Ј UTR sequences from SC5314 genomic DNA with HiFi Platinum Taq (Invitrogen) and primer set VPS21AMPF and VPS21AMPR or YPT72AMPF3 and YPT72AMPR2 (Table  2) , each of which has a BamHI site engineered at its 5Ј end. Purified products were then cloned into the BamHI site of vector pLUX. Plasmid pGFPVPS21 was derived from pLUXVPS21 through the introduction of an EagI site in place of the ATG start codon of VPS21 with primers VPS21EAGMUTF and VPS21EAGMUTR and the QuikChange site-directed mutagenesis kit (Stratagene). C. albicans-optimized GFP was then amplified from pGFPURA3 (24) with primers GFPEAGF and GFPEAGR and cloned into the EagI site of the modified pLUXVPS21 plasmid. pGFPYPT72 was produced by a similar strategy, except that an XmaI site was introduced with primers YPT72XMAMUTF and YPT72XMAMUTR and GFP was amplified with GFPXMAF and GFPXMAR 
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with subsequent XmaI cloning. All constructs were sequenced to confirm the correct introduction of the restriction sites, the correct orientation and in-frame cloning of the insert, and the absence of unintended mutations. pMET3-TUP1 was produced by amplifying the first 548 bp of the TUP1 ORF with the 21-nucleotide 5Ј UTR with primers TUP1REGF and TUP1REGR and cloning the product between the BamHI and PstI sites in pCaDIS (15) . Mouse model of hematogenously disseminated candidiasis. All procedures were approved by the Institutional Animal Care and Use Committee of the Louisiana State University Health Sciences Center, New Orleans, and complied with all relevant federal guidelines. C. albicans was grown overnight in YPD cultures at 30°C (200 rpm). Cells were washed twice in sterile phosphate-buffered saline (PBS), and cell density was determined with a hemocytometer. Each strain was then diluted to 5 ϫ 10 6 cells/ml in sterile PBS. Viable cell counts were confirmed by plating appropriate dilutions of each inoculum onto YPD agar plates and counting the colonies that formed after 48 h. A 0.1-ml volume of each cell suspension was then inoculated into the lateral tail veins of BALB/c mice (Charles River Laboratories, Frederick, MD). Mice were monitored for 28 days, and those showing distress were sacrificed. Kaplan-Meier survival curves were plotted, and statistical significance was determined with the log rank test. Fortyeight-hour colonization experiments were performed as described above, but all of the mice were sacrificed at 48 h postinfection. Kidneys were collected at the time of sacrifice and cut longitudinally. The fungal burden was determined for one half of each organ as the number of CFU per gram of tissue. The two half kidneys from each mouse were weighed and homogenized in PBS, and serial dilutions of homogenate were plated onto YPD agar. The number of colonies on each plate was determined after 48 h at 30°C, and the number of CFU per gram of tissue was calculated. Aliquots of homogenate were also mixed with an equal volume of 60% KOH, incubated for 2 h at 30°C, and washed in sterile water, and fungal morphology was scored by using the previously described morphology index (MI) (43, 47) as follows: MI of 1, spherical and nearly spherical cells; MI of 2, ovoid cells with a length of up to twice the cell width; MI of 3, pseudohyphal cells with obvious constrictions; MI of 4, parallel-sided true hyphal cells. The other half of each kidney was fixed in 10% formalin for histological analysis. This consisted of paraffin embedment, sectioning, and staining with either hematoxylin and eosin or Grocott methenamine silver (GMS) (55) . Stained sections were examined microscopically for (i) Candida infiltration and morphology, (ii) alteration of normal tissue structure, and (iii) immune cell infiltration.
RESULTS

Identification of C. albicans Vps21p and Ypt72p Rab
GTPases. In S. cerevisiae, VPS21 encodes a Rab GTPase which localizes to the PVC and is required for endosomal trafficking (25) , while YPT7 encodes a Rab GTPase required for vacuole biogenesis (58, 67) . In order to conduct a functional analysis of the PVC and vacuolar compartment, we identified C. albicans VPS21 and YPT7 homologs through BLASTP searches of the Candida genome database (www.candidagenome.org/). In each case, one clear homolog was identified. The predicted gene product of C. albicans VPS21 is 216 amino acids and is 66.8% identical to ScVps21p. The C. albicans YPT7-like ORF encodes a 217-amino-acid protein which is 61.2% identical to S. cerevisiae Ypt7p. Interestingly, the Candida genome database has named a different ORF YPT7. This ORF encodes a larger Rab GTPase-like protein of 288 amino acids that is 30.4% identical to ScYpt7p. We therefore named the YPT7-like ORF that we identified YPT72. As the VPS21-and YPT72-encoded products were the most like S. cerevisiae PVC and vacuolar Rab proteins, we focused on these genes for further investigation.
Sequence analysis of PCR-amplified YPT72 revealed the presence of three polymorphisms within the ORF, none of which altered the protein coding sequence. No polymorphism was detected within the VPS21 ORF. Vps21p (XXCC) and Ypt72p (XXCXC) each have two C-terminal cysteine residues which conform to the dual geranylgeranylation consensus sequences characteristic of the Rab family of GTPases (52) . Guanine base binding (G1-3) and phosphate binding (PM1-3) motifs were highly conserved in both protein sequences, strongly supporting the notion that they are GTPases. Furthermore, the presence of five short diagnostic sequences (RabF1 to -5) (52) supports the idea that both of these proteins belong to the Rab family of GTPases.
The two alleles of either gene were sequentially deleted by a PCR-based approach in the BWP17 strain background with combinations of the ARG4, HIS1, and recyclable URA3 selectable markers. In addition, we constructed a double-mutant strain with both VPS21 and YPT72 deleted. Reconstituted strains were made by reintroducing wild-type alleles of VPS21 and YPT72 into the respective mutant strains on the vector pLUX, which integrates at and reconstitutes the URA3 locus, thus circumventing the well-described positional effects of URA3 integration (39) . All of the mutant phenotypes described in the following sections were complemented by reintroduction of the corresponding wild-type allele. Furthermore, phenotypic analysis was conducted on multiple independently constructed isolates of each genotype.
The vps21⌬ypt72⌬ mutant exhibits a synthetic growth defect. In order to determine if the mutant strains were affected in growth, we assessed propagation in YPD medium at 30°C. Both the vps21⌬ and ypt72⌬ mutants grew at the same rate as VPS21/VPS21 YPT72/YPT72 control strain YJB6284 (Fig. 1) . Strikingly, the vps21⌬ypt72⌬ double-deletion strain had a prolonged lag phase and a drastically reduced growth rate in liquid culture, indicating a synthetic growth defect. However, each mutant was able to utilize a range of carbon (including glucose, glycerol, ethanol, and acetate) and nitrogen (including ammonium sulfate, glutamine, and BSA) sources for growth.
Vps21p and Ypt72p influence stress resistance. The fungal vacuole is known to have important functions during adaptive responses and for stress resistance (33) . In order to establish the role of these GTPases in C. albicans stress resistance, we subjected the vps21⌬, ypt72⌬, and vps21⌬ypt72⌬ mutants to a variety of stresses ( Fig. 2A) . Neither single mutant was sensitive to temperature stress at either 37°C or 42°C; however, while the vps21⌬ypt72⌬ double mutant grew well at 37°C, it was unable to grow at 42°C. Similarly, both single mutants grew well under conditions of osmotic stress (1.5 M NaCl and 2.5 M glycerol), while the growth of the double mutant was severely affected. These data support the notion of a synthetic defect in the double mutant. Both single mutants exhibited sensitivity to the TOR kinase inhibitor rapamycin and, to a lesser extent, sodium orthovanadate, which interferes with phosphate metabolism; the double mutant was completely unable to grow under either of these conditions. The ypt72⌬ mutant also exhibited sensitivity to caffeine, which is known to have a range of effects, including inhibition of the TOR kinase (35) . Neither single mutant was sensitive to hydrogen peroxide; however, the double mutant was approximately fourfold more sensitive than YJB6284 (data not shown).
The vacuole also has a major role in resisting periods of nitrogen starvation through storing metabolites including amino acids (33) and recycling cytoplasmic macromolecules through autophagic degradation (73) . We therefore examined survival in medium lacking a nitrogen source. Control strains underwent two or three cell divisions in SD-N medium prior to growth arrest and maintained viability for Ͼ30 days (Fig. 2B) . The vps21⌬ mutant exhibited minimal sensitivity to nitrogen starvation, which only become apparent after 30 days, while the ypt72⌬ mutant was much more sensitive, steadily loosing viability. The majority of double-mutant cells were nonviable by 24 h. Thus, both the vps21⌬ and ypt72⌬ mutants are sensitive to a subset of cellular stresses, with the double mutant exhibiting extreme sensitivity to a broad range of stresses.
C. albicans Vps21p and Ypt72p function in endosomal trafficking and biogenesis. Endosomal trafficking within the mutant strains was examined through pulse-labeling with the lipophilic dye FM4-64 (64) , which binds to the plasma membrane. Following internalization by endocytosis, the dye passes through early and late endosomal compartments (PVC) before accumulating within the vacuole. Following a 30-min chase period, most of the FM4-64 localized to one or two large, ring-like structures in cells of the control strain (Fig. 3B ) typical of the vacuole compartment. However, a significant amount of the dye remained at the cell surface of the vps21⌬ mutant, indicating a reduction in endosomal trafficking from the cell surface, presumably due to a block in trafficking through the PVC. Nonetheless, following a longer chase period of 2 h, the dye localized to an internal ring-like structure (Fig.  3C) , indicating a largely normal vacuole morphology. The ypt72⌬ mutant internalized FM4-64 with kinetics similar to those of the control strain; however, it accumulated within a heterogeneous mixture of cellular compartments, indicating a highly fragmented vacuole morphology. Some intermediatesize compartments were discernible, which are likely to be early endosomal compartments and the PVC. The doublemutant strain exhibited characteristics of either mutant, with significant cell surface labeling, as well as both punctate and diffuse staining within the cytoplasm. The highly fragmented vacuole morphology of the ypt72⌬ and vps21⌬ypt72⌬ mutants was confirmed with a second fluorescent dye, CMAC (60), which does not depend upon endocytic trafficking for vacuolar localization (data not shown). This confirmed that Vps21p functions in endosomal trafficking from the cell surface to the vacuole and that Ypt72p is required for vacuolar biogenesis.
Blocking vacuolar trafficking leads to missorting of vacuolar proteases to the cell surface (1). Lee and colleagues found that a C. albicans vps4⌬ mutant (40) deficient in multivesicular body trafficking within endosomes has greater secreted protease activity than do control strains. This is attributed to the missorting of vacuolar CPY to the cell surface. An agar platebased BSA hydrolysis assay revealed that the vps21⌬ mutant, and to a lesser extent the ypt72⌬ mutant, also had greater secreted protease activity (Fig. 3A) . No detectable BSA hydrolysis occurred within the double-mutant strain.
Vps21p and Ypt72p localize to distinct endosomal compartments. In order to determine the site of action of these two Rab GTPases, we produced GFP-VPS21 and GFP-YPT72 gene fusions expressed from the VPS21 and YPT72 5Ј UTRs, respectively. Each fusion construct fully complemented all of the defects associated with the respective mutant strains (data not shown), confirming that the constructs encoded functional fusion proteins. Initial observation revealed that GFP-Vps21p accumulated in one or two intensely labeled small compartments within the cell, while GFP-Ypt72p seemed to label a much larger subcellular compartment less vividly. Each strain was pulse-labeled with FM4-64, followed by different chase periods. Following a short chase period of 20 min, FM4-64 colocalized with the GFP-Vps21p compartment (Fig. 4) . How- ever, at later time points, FM4-64 was less associated with GFP-Vps21p and localized to the GFP-Ypt72p-labeled compartment. This is consistent with Vps21p localizing to the PVC and Ypt72p localizing to the vacuole.
Vps21p and Ypt72p influence morphogenesis. Several previous studies have reported that mutants defective in endosomal and vacuolar biogenesis are defective in yeast-hypha differentiation (4, 7, 12, 22, 48) . Initially, we examined filamentous growth on 10% FBS (Fig. 5A ) and M199 (data not shown) agar at 37°C. Under these conditions, the vps21⌬ mutant had a mild reduction in filamentous growth relative to that of the control and the ypt72⌬ mutant was more severely affected, while the vps21⌬ypt72⌬ double mutant was completely afilamentous, even after prolonged incubation. In liquid 10% FBS medium, the germ tubes of the vps21⌬ mutant emerged approximately 30 min later than that of the control strain (Fig.  5B ) and at later time points (3 to 5 h) its hyphae were approximately two hyphal compartments shorter than control hyphae. Germ tube emergence in the ypt72⌬ mutant occurred with normal kinetics in the majority of the cells; however, at later time points, the hyphae were consistently two or three cell compartments shorter than those of control cells. The hyphae produced by both single mutants after 24 h remained significantly shorter than those produced by the control strain. The vps21⌬ hyphae were noticeably more branched than control hyphae, and the ypt72⌬ mutant demonstrated a tendency to revert to a budding mode of growth (Fig. 5B) , which was not observed in the control strain. In 1% FBS liquid culture, the difference between the mutant and control strains was much more striking. Both the vps21⌬ and ypt72⌬ mutants had reduced efficiency of germ tube emergence relative to that of the YJB6284 control (Fig. 5C) . Also, those germ tubes that did emerge from these mutants were delayed by 30 to 60 min and were shorter than those of the control strain. The vps21⌬ypt72⌬ mutant was completely defective in polarized growth in either 1% or 10% FBS but continued to divide slowly as yeast or rounded pseudohyphae (Fig. 5B) .
A number of mutants with reduced filamentous growth under the above-described conditions exhibit increased hyphal growth relative to that of the control strain when embedded in an agar matrix (22, 28) . However, when sandwiched between or embedded within YPS agar, both the vps21⌬ and ypt72⌬ mutants exhibited a marked decrease in filamentous growth compared with that of the YJB6284 control (Fig. 5D) . The double mutant was again afilamentous under these conditions. All of the mutant strains grew well under hypoxic conditions (data not shown); thus, increased susceptibility to hypoxia does not account for the reduced filamentous growth observed in the YPS matrix.
Previous studies have demonstrated that vps23⌬, vps28⌬, and vps36⌬ mutants, defective in the ESCRT-mediated multivesicular body sorting pathway, have decreased filamentous growth due to a defect in the proteolytic activation of the Rim101p transcription factor (34, 71) . The defects in filamentous growth could be suppressed by the expression of a Cterminally truncated active RIM101 allele (71) . However, introduction of active RIM101 alleles (20) did not suppress the defects in hyphal growth of either the vps21⌬ or the ypt72⌬ mutant on solid or in liquid medium (data not shown). This suggests that the defects in hyphal growth are not due to defective Rim101p processing. We further considered that the defects in yeast-hypha morphogenesis could result from either a mechanical deficiency in polarized growth or perhaps an indirect effect on hyphal signaling pathways, leading to reduced efficiency of hyphal induction. To address this, we examined the consequences of derepressing hyphal growth in the vps21⌬, ypt72⌬, and double-mutant strains through deletion of the hyphal repressor TUP1 (10). As previously described, deletion of TUP1 from parental strain BWP17 led to constitutive filamentous growth, even on rich growth medium such as YPD (Fig.  6A) . However, there was significantly less filamentous growth in either the vps21⌬ or the ypt72⌬ strain background. Thus, even when hyphal growth is derepressed, the defects in filamentous growth persist. While deletion of one allele of TUP1 was readily achieved in the vps21⌬ypt72⌬ mutant, we were unable to replace the second allele. None of 72 transformants had the second TUP1 allele deleted. In order to test if deletion of TUP1 in the vps21⌬ypt72⌬ mutant was a lethal event, we placed the second allele under the control of the MET3 regulatable promoter. Repression of TUP1 transcription through the addition of cysteine and methionine was confirmed by reverse transcription-PCR (data not shown) but was not lethal in the vps21⌬ypt72⌬ strain background. Furthermore, repression of TUP1 did not lead to the formation of filamentous colonies (Fig. 6B) or polarized hyphal forms in liquid culture (data not shown).
We previously found that a vps11⌬ mutant deficient in PVC and vacuole biogenesis was unable to produce chlamydospores (50) . However, both the vps21⌬ and ypt72⌬ mutants were able to form chlamydospores, although the filamentous supporting structures were much shorter for the ypt72⌬ mutant (data not shown). Similar to the vps11⌬ strain, the vps21⌬ypt72⌬ mutant was completely blocked in chlamydospore induction, lacking either filamentous supporting structures, suspensor cells, or chlamydospores (data not shown).
Vps21p and Ypt72p are required for C. albicans virulence in a mouse model of disseminated disease. In order to establish FIG. 4 . Vps21p and Ypt72p localize to endosomal and vacuolar compartments, respectively. Cells expressing the GFP-VPS21 or GFP-YPT72 fusion were pulse-labeled with FM4-64 and chased in fresh medium for 20 min (top) to label endosomes or for 60 min (bottom) to label vacuoles. Cells were then observed by phase-contrast (P.C.) microscopy (left column) and epifluorescence microscopy with a TRITC filter for FM4-64 (second column from the left) or a fluorescein isothiocyanate filter for GFP (third column). The combined FM4-64-GFP images are also shown (fourth column). FM4-64 colocalized with GFPVps21p and GFP-Ypt72p in all cells with detectable levels of these fusion proteins (Ͼ95% of the cells had detectable GFP-Vps21p expression; Ͼ90% of the cells had detectable levels of GFP-Ypt72p). Bar ϭ 5 m.
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on October 15, 2017 by guest http://iai.asm.org/ the role of endosomal and vacuolar biogenesis during host interaction, we examined the virulence of the vps21⌬, ypt72⌬, and vps21⌬ypt72⌬ mutants in a mouse model of hematogenously disseminated infection. BALB/c mice were inoculated with approximately 5 ϫ 10 5 CFU of each C. albicans strain, and their survival was followed for 28 days. All of the mice inoculated with "wild-type" control strain YJB6284 succumbed by day 5 (Fig. 7) . Mice infected with either the vps21⌬ or the ypt72⌬ mutant strain survived significantly longer. The ypt72⌬ mutant failed to kill any of the mice by day 28, while the vps21⌬ mutant only achieved 50% mortality. Virulence was fully restored in the reconstituted strains. Not surprisingly, the vps21⌬ypt72⌬ double mutant was completely avirulent, with the infected animals failing to exhibit any symptoms. In order to determine if the mutant strains were cleared from the surviving mice, we quantified the C. albicans present within kidney tissue. Three of the five surviving vps21⌬ mutant-infected mice had no detectable C. albicans, suggesting that the mutant was cleared, and the remaining two had low numbers of CFU. One of 10 mice surviving infection with the ypt72⌬ mutant had no detectable CFU, while the fungal burden in the other 9 was highly variable (data not shown). Interestingly, some of these animals had very high fungal burdens, including one animal with a kidney CFU count more than 10-fold higher than that of mice that succumbed to the control strain. This suggests that even when the ypt72⌬ mutant is not cleared from mouse tissues, it is significantly less lethal. No C. albicans was isolated from the kidneys of mice infected with the vps21⌬ypt72⌬ double mutant.
We next analyzed the fungal burdens and morphology in kidneys from mice sacrificed at 48 h postinoculation. There was a significantly lower number of CFU of the ypt72⌬ mutant at 48 h than of the wild-type control (1.4 Ϯ 0.7 ϫ 10 5 /g [mean Ϯ standard error of the mean] versus 2.8 Ϯ 0.8 ϫ 10 6 /g; n ϭ 5, P ϭ 0.0089), while the double mutant was undetectable in all animals, indicating rapid clearance in vivo. Neither the vps21⌬ mutant nor the reconstituted strain had a significant difference in the number of CFU from that of the YJB6284 control strain at 48 h postinoculation. However, significant differences were observed in the fungal morphology of both the vps21⌬ and ypt72⌬ mutants within infected kidney tissue (Fig. 8A ). The vps21⌬ mutant had significantly fewer cells in the true hyphal form (MI ϭ 4) than did the control strain, and the hyphae that were observed were shorter and more branched than those of the control strain (Fig. 8B) . The ypt72⌬ mutant also had fewer true hyphal cells than did the control, and those present tended to be very short. GMS staining of kidney sections at 48 h (Fig. 8C ) also revealed that YJB6284 was primarily found as true hyphae, the vps21⌬ mutant was largely pseudohyphal, and the ypt72⌬ mutant was mostly yeast and pseudohyphal. These data confirm that both the vps21⌬ and ypt72⌬ mutants have defects in hyphal growth in vivo. Hematoxylin and eosin staining of kidneys extracted at 48 h postinoculation revealed a strong inflammatory response to all of the strains except the double mutant. The cellular infiltrate consisted predominantly of neutrophils in each case (data not shown). The apparent absence of inflammation in mice infected with the vps21⌬ypt72⌬ mutant suggests that it may be cleared before such a response is mounted.
DISCUSSION
The vacuole has been observed to play a cytologically prominent role during C. albicans yeast-hypha differentiation, a transition which is crucial for virulence. Germ tube emergence is accompanied by the formation of extensively vacuolated subapical compartments, with cytoplasmic material migrating within the apical cell compartment. However, the significance of hyphal cell vacuolation with respect to pathogenesis remains unknown. Here we report the identification of two C. albicans Rab GTPases, Vps21p and Ypt72p, required for endosomal trafficking and vacuole biogenesis, respectively. Vps21p appears to localize to a late endosomal compartment, and Ypt72p appears to localize to the vacuole itself. Loss of either of these GTPases impacted the production of the invasive hyphal form, as well as the virulence, of C. albicans.
The first significant observation was that while the vps21⌬ and ypt72⌬ mutants grow with wild-type kinetics, the vps21⌬ypt72⌬ mutant has a striking growth defect. In addition, the two single mutants, for the most part, had mild defects in stress resistance, with either resistant to osmotic, temperature, and oxidative stresses. However, the double mutant was hypersensitive to a diverse array of cellular stresses, indicating a synthetic defect in the double mutant. The exquisite specificity of Rab GTPases for their target organelle (54) makes functional redundancy of the Vps21p and Ypt72p GTPases unlikely. However, these results could suggest that there is some redundancy between the function of the PVC and vacuolar compartment in C. albicans. A similar synthetic defect was described in an S. cerevisiae mutant deficient in the PVC and vacuolar SNARE proteins Pep12p and Vam3p (53) . Thus, perhaps loss of PVC (vps21⌬) or vacuole (ypt72⌬) function alone can be partially compensated by the other compartment.
Loss of Vps21p or Ypt72p also results in defects in hyphal growth, while loss of both completely abrogated polarized growth, suggesting that PVC and vacuolar biogenesis is crucial during hyphal growth. This again may suggest that there is some functional overlap between the PVC and vacuole in the establishment and maintenance of polarized hyphal growth. Several distinct signaling pathways are known to control hyphal development in C. albicans, with each responsive to a different subset of inducing conditions (66) . However, the degree of hyphal retardation in the vps21⌬, ypt72⌬, and vps21⌬ypt72⌬ mutants is similar irrespective of the inducing conditions used. Furthermore, derepression of hyphal growth through deletion of TUP1, which bypasses much of the upstream signal transduction pathways normally regulating yeast-hypha morphogenesis, did not correct this defect. This supports a mechanistic defect in polarized growth in either mutant, rather than a defect in hyphal signaling. Deletion of TUP1 also enabled us to compare the hyphal growth of the vps21⌬ and ypt72⌬ mutants on rich YPD medium. Reduced hyphal growth of the mutants under these conditions rules out the possibility that reduced hyphal growth is simply the result of a diminished capacity to utilize complex or suboptimal nutrient sources found in many hyphal inducing media. An inviting explanation is that the vacuolar expansion observed in subapical hyphal compartments fulfills a physical requirement for apical extension. Hyphal cell vacuolation necessitates the transport and incorporation of new membrane material into the vacuole and perhaps the PVC. Thus, loss of PVC and vacuolar Rab GTPases, which facilitate membrane trafficking and organelle biogenesis, may block vacuolation and therefore impede apical extension. We envisage several potential mechanisms by which vacuolar expansion may aid polarized hyphal growth. One major advantage of hyphal cell vacuolation may be that it requires minimal amounts of de novo cytoplasmic biosynthesis, while permitting rapid germination and apical extension. The vacuole is significantly less dense than cytoplasm with respect to protein and other macromolecule content (72) . Hyphal cell vacuolation may therefore overcome the rate-limiting step of cytoplasmic biosynthesis and enable hyphae to emerge under nutrient-poor conditions. Second, the fungal vacuole has a central role in regulating the osmotic potential of the cell (2, 37, 38) , and modulation of vacuolar volume occurs in response to osmotic stress through homotypic fission/fusion events (9, 36, 45) . Thus, the sudden increase in vacuolar volume may increase turgor pressure within the emerging C. albicans germ tube. The opposing force of the rigid cell wall would lead to exertion of the turgor pressure at the wall's weakest point, usually the site of active growth, i.e., the hyphal apex. Increased turgor pressure may thus aid polarized growth and apical extension by providing a mechanical force to push out the hyphal tip (44) . This, in turn, may enable the fungus to exert force upon host tissues at a focal point (i.e., the hyphal tip). A number of plant fungal pathogens form specialized invasion structures such as appresoria to penetrate the plant's tough surface layers (5, 32) . These cells generate huge osmotic pressure, which is channeled into a narrow projection, enabling the fungal cell to exert significant force at a focal point on the plant surface. We do not envisage that penetration of mucosal surfaces by C. albicans involves the extreme pressures generated in these plant pathogens. However, it is possible that elevated turgor pressure is produced in the emerging germ tube and this may aid polarized growth or enable C. albicans which is tightly bound to the epithelium to exert some force on host tissue at the hyphal apex. Either way, the observation of a similar developmental program of subapical vacuolation in the plant-invasive form of U. maydis (41) may indicate that this is a shared strategy for host invasion.
Several previous studies have linked the vacuole to C. albicans virulence in various models of infection, including a macrophage challenge model and a mouse model of disseminated candidiasis. However, the mutants used were typically affected in both PVC and vacuole biogenesis (50) or were deficient in proteins known to function in diverse pathways (12) . We found that loss of either Vps21p or Ypt72p severely attenuated virulence in a mouse model of disseminated candidiasis. This established that loss of either endosome or vacuole biogenesis is sufficient to cause major defects in virulence. The ypt72⌬ mutant had a decreased number of CFU in mouse kidneys at 48 h postinfection, suggesting a defect in tissue colonization. However, even when present at very high fungal burdens, the ypt72⌬ mutant did not cause death. This suggests that this mutant is deficient on two levels: (i) colonization of host tissues in some animals and (ii) inflicting tissue damage which contributes to death. Both the vps21⌬ and ypt72⌬ mutants had an impaired capacity to form true hyphae in vivo, similar to that observed in vitro, with the vps21⌬ mutant forming shorter, more branched hyphae and the ypt72⌬ mutant forming fewer and shorter hyphae than the control strain. Thus, it is not clear if the decreased colonization of the ypt72⌬ mutant at 48 h postinfection is due to a decreased capacity to survive within the host or if the decreased capacity to form hyphae limits fungal propagation within host tissue. Segregation of Vps21p and Ypt72p functions in stress resistance and hyphal growth should elucidate the contribution of these GTPases to virulence and remains a key goal for future studies.
We previously reported that a C. albicans vps11⌬ mutant with defects in both PVC and vacuole biogenesis is deficient in both survival within and the ability to cause lysis of the J774A.1 mouse macrophage-like cell line (50) . In order to establish the role of Vps21p and Ypt72p during this interaction, we repeated these macrophage challenge experiments with the vps21⌬, ypt72⌬, and double-mutant strains. This revealed that both the vps21⌬ and ypt72⌬ mutants were able to cause macrophage lysis, similar to the control strain. However, the vps21⌬ypt72⌬ mutant caused no detectable loss of macrophage viability (data not shown), similar to the previously reported vps11⌬ mutant. Thus, according to this simple in vitro model, despite severe defects in the mouse model, neither the vps21⌬ nor the ypt72⌬ mutant has profound defects in phagocytic cell interaction.
The results presented here and elsewhere have clearly established that the fungal PVC and vacuole are crucial during host interaction. We suggest that the PVC and vacuole may be required on two levels during C. albicans infection, (i) stress resistance functions required for adaptation and survival within host tissues and (ii) a role in filamentous growth which may aid host tissue invasion and injury. Segregation of the vacuole's role in fungal morphogenesis from its functions in stress resistance and cellular homeostasis will be crucial in defining the role it plays in pathogenesis and thus the therapeutic potential of disrupting vacuolar integrity.
